Carotenoids are lipophilic, dietary antioxidants with the potential to prevent chronic and age-related diseases. Prior to their availability for physiological functions, carotenoids require micellarization and intestinal uptake, both constituting marginally understood processes. Based on an in vitro digestion model coupled to Caco-2 cells, we assessed the effect of dietary abundant divalent ions on spinach-derived carotenoid micellarization and cellular uptake: calcium (Ca) and magnesium (Mg) ranging from 7.5 to 25 mmol/L in the digesta and zinc (Zn) and iron (Fe) ranging from 3.8 to 12.5 mmol/L.
Introduction
Carotenoids constitute a class of lipophilic tetraterpenoids with antioxidant properties that are widespread in nature. Some species, such as b-carotene, may act as vitamin A precursors, whereas others, which cannot be converted to vitamin A, can still support physiological functions and may protect against lipid oxidation (1) , attenuate the development of several types of cancer (2, 3) , and protect the human retina from age-related degeneration (4) . Humans, who are unable to synthesize carotenoids de novo, rely on their regular dietary intake, especially through colored fruits and vegetables.
During the past 2 decades, carotenoids in foods have been thoroughly analyzed (5, 6) and consumption data have been accumulating (7) . However, knowledge on carotenoid uptake and metabolism, including digestion, micellarization, and mechanisms of transport into intestinal cells as well as distribution and storage in the human body is still incomplete. Among the factors influencing carotenoid bioavailability are passive and facilitated uptake processes via, e.g., scavenger receptor, class B type I (8) , the presence of different types of carotenoids during digestion (8) (9) (10) , host-related factors such as the presence and quantity of bile salts and digestive enzymes (11) (12) (13) , and dietary composition. Even though several dietary factors potentially affecting carotenoid absorption have been studied, such as lipids (14) and phytosterols (15) , effects of dietary minerals have so far been neglected, even though it has been suspected that they might affect absorption (11, 16) . In a recent study by Bengtsson et al. (16) , FeCl 2 , in concentrations .30 mmol/L, was suggested to exert inhibitory effects on Caco-2 cellular uptake of b-carotene. However, the inhibition was small (22%) and artificial micelles were used. The authors suggested complexation of iron with micelle components (e.g. bile salts) on the micellar surface, hence inhibiting carotenoid transfer from the micelles to the cells. When employing water-soluble b-carotene powder, Garcia-Casal et al. (17) found an increased Caco-2 cellular uptake of iron in the presence of excess b-carotene, indicating a potential interaction. In a recent study, we found a strong reduction of carotenoid micellarization following simulated gastro-intestinal digestion in the presence of the divalent ions Mg (up to 24%) and Ca (up to 56%) at concentrations of 12.5 mmol/L in the digesta. We could only speculate on the underlying reasons. However, divalent ions may precipitate FFA, forming soaps (18) , and similar results might be expected for digestion products with (conjugated) bile salts (19) (20) (21) (22) .
Even though the employed in vitro digestion model coupled to Caco-2 cells cannot account for all complex conditions normally dominating the human intestinal tract, in particular the presence of various cell-types constituting the gut epithelium, and presenting a rather static and not dynamic model, Reboul et al. (23) demonstrated that the in vitro-derived carotenoid uptake is well correlated to in vivo absorption studies. Thus, although this model cannot replace human intervention studies, it can be used for screening purposes and studying selected mechanistic aspects of absorption.
In the present investigation, we simulated carotenoid digestion (micellarization) from a spinach-rich meal and studied cellular uptake into Caco-2/TC-7 cells in the presence of abundant divalent minerals normally present in the human diet, i.e., Ca and Mg, but also Fe and Zn, at concentrations that could be reached by the intake of supplements. An additional aspect was the investigation of the epoxycarotenoids, neoxanthin and violaxanthin, including their respective digestion products, neochrome and luteoxanthin/auroxanthin.
Materials and Methods
Chemicals and standards. Neoxanthin, b-carotene, and violaxanthin were obtained from CaroteNature and lutein and zeaxanthin from Sigma-Aldrich. Digestive enzymes, bile mixture, sodium taurocholate, lecithin, monoolein, oleic acid, methyl-tert-butyl ether, nonessential amino acids, and penicillin/streptomycin for cell cultures were also purchased from Sigma-Aldrich, acetone from Merck; methanol, ammonium acetate, and zinc sulfate from BioSolve; hexane, sodium chloride, and calcium chloride from VWR; and iron(II) chloride from Alfar Aesar. Cell media (DMEM + GlutaMAX), PBS, and FBS were obtained from GIBCO (N.V. Invitrogen). Chemicals were of analytical grade or superior and only 18MV water (Millipore) was used for all aqueous solutions.
HPLC analysis of carotenoids. Carotenoid quantification was carried out as described earlier (24) with slight modifications. In short, carotenoids were separated on a guard-column protected, reversed phase C30-column (Waters) at 308C. Carotenoids were detected based on retention times and specific absorption spectra and were quantified by 6-point external calibration curves using specific molecular absorption coefficients given by the suppliers. The injection volume for HPLC was 25 mL.
Test meals and carotenoid quantification in spinach. Chopped, frozen spinach and condensed milk (4% fat) were obtained from a local supermarket (Cactus). Spinach was blended in a household blender for 5 min and aliquots of ;30 g were stored at -808C for a maximum of 3 mo. Milk was divided into aliquots, which were stored at -208C. Milk was used to increase micellarization efficiency and to simulate coingestion of lipids. The final test meals contained 4 g of thawed spinach and 2 g of milk. Four samples of spinach (2 g) were extracted and carotenoid concentrations were determined as described earlier (24) .
Simulation of gastro-intestinal passage and divalent ion effects. Micellarization experiments were based on 3 separate digesta samples. A previously published protocol using pancreatin (4 g/L) and bile extract (24 g/L) was used (11) . To test the impact of divalent ions, spinach and milk were digested together at different concentrations of Ca, Fe, Mg, and Zn added to the meals in aqueous solutions instead of physiologic saline. Thus, 25 mL of calcium chloride at different concentrations (15, 20, 25, 30 , and 50 mmol/L), magnesium chloride (15, 25 , and 50 mmol/ L), zinc sulfate (7.5, 15, and 25 mmol/L), and iron (II) chloride (7.5, 15 , and 25 mmol/L) were added. Final divalent ion concentrations were, due to the final volume of 50 mL, one-half of these concentrations. Each control sample, including spinach and milk, contained an additional ;237 mmol of calcium, 122 mmol of magnesium, 2.1 mmol of iron, and 0.4 mmol of zinc [estimated from (25) ].
Carotenoids in the final digesta were determined by HPLC following an earlier protocol (11) based on 2-mL aliquots of the aqueous layer containing the mixed micelles.
Carotenoid degradation/conversion during simulated gastrointestinal digestion. Violaxanthin and neoxanthin conversion (Supplemental Fig. 1 ) during simulated gastro-intestinal passage was assessed separately in an additional experiment using isolated carotenoids and artificial micelles [adapted from (26) ]. In brief, 0.6 mmol of monoolein, 0.04 mmol of oleic acid, and 0.15 mmol of lecithin were added to 0.66 mmol of each carotenoid standard, respectively, and to both carotenoids combined (each 0.66 mmol). Then 0.5 mL of canola oil (Colzol) was added and the mixture was diluted to 50 mL with physiologic saline containing sodium taurocholate (2.04 mmol/L). After 20 min of sonication and shaking, an aliquot of 15 mL was processed and 2 mL of pepsin solution (40 g/L in 0.1 mol/L HCL) were added (final pH ;2). After 1 h in a shaking water bath, 9 mL of a bile salt (24 g/L) and pancreatin (4 g/L) solution, both diluted in 0.1 mol/L NaHCO 3 , were added, diluted to 50 mL with physiological saline (final pH ;7), and further incubated at 378C for 2 h. The resulting digestion products were extracted and separated by HPLC as described above.
Cell culture and exposure. The TC-7 subclone of the Caco-2 parental cell line was a generous gift from Dr. M. Rousset (Nancy University, France). Cells were routinely maintained in 75-cm 2 plastic flasks in a moisture-saturated environment at 378C and 10% CO 2 in DMEM (+ GlutaMAX), supplemented with 1% nonessential amino acids, 20% heat-inactivated FBS, 1% penicillin (10 kU/L), and streptomycin (10 g/L) mixture and subcultured weekly after reaching 70-80% confluence. For uptake experiments, cells at passage numbers 72-88 were seeded at 5 3 10 4 cells/cm 2 into 6-well plates (BD Biosciences) 10-13 d prior to exposure. For uptake experiments, cells were incubated with 2 mL diluted digesta (1:4 with DMEM, v:v) per well for 4 h at 378C and 10% CO 2 to simulate a physiologic intestinal passage time. In a pilot study, cell viability was investigated at different ratios of digesta:DMEM. After 4 h of incubation, cell appearance (microscope) as well as cell viability, determined by the resazurine assay (27) , was not compromised at a ratio of 1:4 (digesta: DMEM, v:v) compared to cells incubated with DMEM only. Cell studies were performed with 6-10 replications, i.e., 18-30 wells. Aqueous fractions of digesta were pooled and diluted for the cell experiments.
Plates were put on ice and medium was removed. Cells were washed with cold PBS including 2 g/L bile salt mixture and thereafter once with pure PBS. Then, 4 mL of cold water was added and cells were lysed by osmotic stress during 20 min. Cells from 3 wells of each exposure were pooled in a 50-mL centrifuge tube to improve sensitivity of the assay and vortexed for 1 min. Total proteins present in the cell pellet were quantified using the Bradford assay (28). For carotenoid extraction, 8 mL of hexane: acetone (1:1, v:v) was added and tubes were sonicated for 2 min. Samples were centrifuged (3 min at 4000 3 g, 48C; Harrier 18/80 centrifuge, MSE) and the supernatant hexane phase transferred into a second centrifuge tube. Saturated sodium chloride solution (15 mL) was added to the first tube and the aqueous phase reextracted with 6 mL of hexane, vortexed, and centrifuged (3 min at 4000 3 g, 48C). The combined hexane phases were dried under a stream of N 2 at 308C, overlayered with a blanket of argon, and stored at -808C until further analysis (,1 wk). For HPLC analysis, carotenoids were dissolved in 150 mL methyl-tert-butyl ether:methanol (3:7, v:v).
Data analysis. The percentage of micellarization was determined as: (carotenoids in micelles)/(extractable carotenoids in spinach meal) 3 100. Fractional cellular carotenoid uptake from the micelles was calculated as: (carotenoids in cells/well)/(carotenoids present in 1 mL of digesta:DMEM mixture) 3 4 (dilution factor medium) 3 100, and overall cellular uptake from the test meal was determined as: (carotenoids in cells/well)/(extractable carotenoids in spinach meal) 3 4 (dilution factor medium) 3 100. To minimize day-to-day variation, all values were expressed as percent of control (no minerals added), which was set to 100%.
Data were analyzed using SPSS 18.0. Equality of variance and normality of distribution were verified by box-plots, and by normality plots and Kolmogorov-Smirnoff tests, respectively. A first linear-mixed model was employed, with fractional carotenoid micellarization or cellular uptake as the dependent variable and carotenoid species (e.g. total carotenoids, b-carotene, lutein) and the mineral type and concentration (e.g. Ca 7.5, Ca 12.5, Mg 7.5, etc.) as the 2 fixed factors. In a second linearmixed model, additive effects of divalent ions on carotenoid cellular uptake from micelles were investigated, with fractional carotenoid uptake as the dependent variable and carotenoid species and the mineral type and concentration as the 2 fixed factors. Log-transformed data were used in the second model to achieve normality of distribution. To further study the impact of the type of mineral on each carotenoid species individually, the models were used again, with the type of mineral as the fixed factor and fractional carotenoid uptake or micellarization for each carotenoid species as the dependent variable. All individual comparisons between various mineral concentrations and between different carotenoid species were carried out by Bonferroni post hoc tests.
Inhibition curves were created with SigmaPlot 2001 (Systat Software) using a nonlinear regression model (sigmoid curve with 3 parameters for Fe, Zn, and Mg and a logistic curve with 3 parameters for Ca). Mean inhibition concentrations reducing the total carotenoid concentration to 50%, i.e., the IC 50 , were calculated based on the above curves. P , 0.05 (2-sided) was considered significant. Values in the text are mean 6 SD.
Results
Carotenoid content of spinach, micelles, and Caco-2 cells. The most abundant carotenoid in spinach was b-carotene, followed by lutein and violaxanthin ( Table 1) . The major Z-isomer of b-carotene was tentatively identified as the (9Z)-isomer (l max : 338-340/(423)/447/472 nm, ratio peakIII:peakII = 0.94-0.95), according to Britton et al. (29) . Following simulated in vitro digestion under control conditions (no minerals added), xanthophylls including lutein generally showed a substantially higher micellarization as opposed to the more apolar carotenes, including b-carotene, with the highest micellarization efficiency for lutein and the highest cellular uptake from test meals for neochrome (Table 1) .
Epoxycarotenoid digestion products. The 2 epoxycarotenoids violaxanthin (l max : 416/439/468 nm) and neoxanthin (l max : 413/436/464 nm) were converted into furanoid products (Supplemental Fig. 1 ) during simulated gastrointestinal passage due to the acidic pH, as described earlier (30, 31) and following opening of the epoxy-structure and recyclization. Neoxanthin degradation products were tentatively identified as (89R/S)-neochrome by comparing retention times, absorption maxima (l max : 399/422/448 nm), and ratio peakIII: peakII = 0.94-0.95% using a neoxanthin standard digested under similar conditions and by comparison with the results of Asai et al. (31) . Violaxanthin digestion resulted in 2 main products, one with a l max of 400/421/448 nm and ratio III:II = 0.98 and the second one with a l max of 380/401/426 and ratio III:II = 0.99. Both were tentatively identified as luteoxanthin and auroxanthin isomers (with a molecular ratio of 2:1 for luteoxanthin:auroxanthin) by comparing results with the literature (31).
Impact of divalent ions on carotenoid micellarization. The presence of divalent minerals other than Mg during simulated gastro-intestinal digestion compromised total carotenoid solubility in mixed micelles (P , 0.001), with the strength of effects following the order Fe . Zn . Ca . Mg (Figs. 1 and 2) , as determined by comparing fractional carotenoid micellarization for all minerals tested at 7.5 and 12.5 mmol/L (P , 0.001). The reduction in b-carotene micellarization for all minerals combined was more pronounced than the attenuation of lutein micellarization (P , 0.001), with the exception of Mg at 7.5 and 12.5 mmol/L and Zn at 3.8 and 7.5 mmol/L (Fig. 1) . The IC 50 calculated were 4.6 6 0.6 mmol/L for Fe (R 2 = 0.99; P , 0.001), 7.2 6 0.4 mmol/L for Zn (R 2 = 0.98; P , 0.001), 14.2 6 0.5 mmol/L for Ca (R 2 = 0.97; P , 0.001), and 41.2 6 10.7 mmol/L for Mg (R 2 = 0.53; P , 0.005), respectively (Fig. 2) , with high correlation coefficients indicating good adherence to the calculated inhibition curves.
Impact of divalent ions on carotenoid cellular uptake. The presence of divalent ions also reduced carotenoid uptake into Caco-2/TC7-cells (P , 0.001; Fig. 3 ) with the strength of effects following the order Zn . Fe . Mg . Ca as determined by comparing fractional carotenoid uptake for all minerals tested at 12.5 mmol/L (P , 0.001). At the maximum concentrations 1 Means in a column with superscripts without a common letter differ, P , 0.05. 2 Tentatively identified based on retention times, UV-Vis spectrum, and literature (29) . 3 During simulated gastro-intestinal digestion (gastric phase: pH 2), violaxanthin was converted to auroxanthin and luteoxanthin and its epimers, and neoxanthin to neochrome, respectively. In micelles and cells, only these conversion products were detected. Auroxanthin and luteoxanthin concentrations were summed and compared to the parental concentration of violaxanthin. 4 Calculated from original spinach content of the test meal; with a total digestion volume of 50 mL. 5 For uptake studies, digesta was diluted with DMEM (1:4, v:v). 6 n.d., not detected, i.e., , 0.5 pmol/mg cell protein.
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jn.nutrition.org tested (12.5-25 mmol/L), each mineral significantly reduced lutein and total carotenoid uptakes from test meals into Caco-2 cells compared to the control. In general, this reduction in uptake was the same or slightly more pronounced than the corresponding reduction in fractional micellarization, with mean percentages of 37 and 39% for micellarization and uptake of total carotenoids and 40 and 35% for lutein, respectively ( Figs. 1 and 3 ). Iron and zinc reduced uptake even at the lowest concentration tested (3.8 mmol/L) (P , 0.001). However, in contrast to lutein, even high concentrations of minerals did not consistently negatively affect b-carotene uptake, except for Mg ($12.5 mmol/L) (P , 0.001). When cellular uptake was calculated based on the micellar carotenoid content instead of the original spinach meal content, Ca, Fe, and Zn at the highest concentrations used increased b-carotene uptake 5.5-9.5 times compared to the control (P , 0.001) ( Table 2) . Therefore, improved fractional cellular uptake from micelles counterbalanced the lower micellar content. Lutein uptake increased only slightly, though significantly, by a factor of 1.3-1.6 due to Ca, Fe, and Zn (P , 0.001) ( Table 2) .
Micellarization and cellular uptake of epoxycarotenoid degradation products. All 3 main epoxycarotenoid digestion products, neochrome, auroxanthin, and luteoxanthin, and their respective epimers were detected in the micellar fraction after simulated gastrointestinal digestion and in Caco-2/TC-7 cells after 4 h of exposure (Table 1) . Considering the original concentrations present in the digesta, fractional cellular uptake of the more polar (89R/S)-neochrome was significantly higher from the test meal compared to lutein and compared to the violaxanthin conversion products auroxanthin and luteoxanthin (P , 0.001; Supplemental Fig. 2 ). By comparison, the uptake of the most apolar carotenoid studied, b-carotene, was less than that of all other carotenoids (P , 0.001).
Discussion
In addition to carotenoid chylomicron incorporation and secretion into the lymph, micellarization followed by cellular uptake are, due to their apolar character, major steps determining their absorption and bioavailability. These steps have been shown to be affected by several dietary factors, including carotenoid species (32) (33) (34) (35) , the presence of enhancers of absorption, e.g., dietary lipids (14), or inhibitors thereof, including dietary fiber (36) , and phytosterols (15) . However, the potential impact of divalent minerals has not been thoroughly investigated so far, even though some have suggested that high mineral concentrations may compromise micelle stability (37, 38) and could reduce concentrations of free soluble bile salts and fatty acids (11, (20) (21) (22) required for micelle formation. In the present study, we have shown, to our knowledge for the first time, that minerals, including Ca, Fe, and Zn, at concentrations that could be reached by the intake of supplements, significantly reduced both micellarization and cellular uptake of total carotenoids following simulated gastro-intestinal ingestion by up to 55% (Ca) and 90% (Fe, Zn), respectively. In a first set of experiments, Ca, Fe, and Zn were found to inhibit carotenoid bioaccessibility, as determined by the total amount of carotenoids solubilized in the mixed micelles, with the strongest effects for Fe . Zn . Ca, whereas the effect for Mg was much less pronounced. Divalent minerals can react with FFA and are known to form insoluble soaps (18) . Similarly, they could react with bile acids, further compromising carotenoid emulsification (20) (21) (22) . In the presence of divalent ions, we observed severe precipitations when mixed with bile solution (data not shown), again with the strongest effects for Fe and Zn, followed by Ca, and a weaker precipitation for Mg. In addition to the kind of mineral, the tendency to form complexes also depends on the type of bile salt. For example, in the presence of Ca, low solubility was shown for glycine-conjugated bile salts, the predominant species in human bile (39), whereas higher solubility was found for taurine-conjugated species (20) . In the presence of iron(II), a decreased bile salt solubility following glycocholate . cholate . chenodeoxycholate . deoxycholate (21) was found.
We previously reported that the presence of Ca and Mg at concentrations that can be reached via, e.g., the intake of dietary supplements, is able to affect micellarization in vitro at molecular ratios of minerals:carotenoids of ;1600, with stronger effects for Ca (IC 50 40) , concentrations in the present (8.8 mmol/L) and previous (4.4 mmol/L) studies can be considered plausible. Furthermore, ingesting, e.g., 1 g of a calcium supplement would [given a dilution in ;1 L of gastro-intestinal fluids (41) ] result in a concentration of ;25 mmol/L in the duodenum, a concentration that might impair micellarization of carotenoids.
Further studies investigating the interaction of minerals and carotenoids are scant. Recently, Bengtsson et al. (16) described an inhibitory effect of Fe at much lower concentrations (.30 mmol/L) on Caco-2 cellular uptake of b-carotene. However, the authors used synthetic micelles and 10 times higher b-carotene concentrations than in the present study, resulting in a mineral: carotenoid molar ratio of ;15-25. We hypothesize that in the study of Bengtsson et al. (16) , iron might have precipitated bile salts and fatty acids, reducing b-carotene availability, without changing total b-carotene in the medium. This is in contrast to the present study, where precipitated carotenoids were deemed unavailable for further uptake and were removed following in vitro digestion by centrifugation and filtration.
Under control conditions without added minerals, micellarization efficiency of (all-E)-b-carotene was low compared to lutein (Table 1 ), in accordance with the literature (12, 33) . Solubility of carotenoids in the mixed micelles has been suggested to decrease with increasing apolarity (12, 42) , although b-carotene, as opposed to lutein, has been reported to rest preferentially in the core of micelles and thus be better protected against further interactions (43) . However, it cannot be excluded that b-carotene jn.nutrition.org micellarization was further compromised in the present study by the missing cooking step, a preparation that could increase the availability of carotenoids, perhaps especially of the poorer soluble carotenes. Increasing divalent mineral concentrations, presumably reducing either the quantity of formed micelles or their size, resulted in a marked and significant decrease of especially b-carotene in the micelles. This decrease (compared to the control) was observed for all minerals investigated, by up to ;98% (for Fe and Zn at 12.5 mmol/L). Lutein micellarization was also diminished in the presence of divalent minerals other than Mg, but to a lesser extent, similar to digestion products of other xanthophylls, i.e., violaxanthin and neoxanthin (data not shown). Earlier investigations (12, 42) indicated an equally decreased lutein and b-carotene solubility when bile salt concentrations during digestion were decreased. However, the complexation of fatty acids by divalent ions might in addition reduce the size of the micelles, compromising especially the emulsification of the apolar carotenoids, i.e., b-carotene, normally present in the core of the mixed micelles.
Total carotenoid uptake by Caco-2 cells was about proportional to micelle carotenoid concentrations, which depended on the type and concentration of the mineral present during gastro-intestinal digestion. Interestingly, especially b-carotene and to some extent lutein uptake were differentially affected by high salt concentrations for all minerals, except for Mg. The pronounced reduction in the concentration of b-carotene in the mixed micelles was counterbalanced by an increased fractional cellular uptake of b-carotene from the micelles, up to 10 times compared to the control (for Fe at highest concentration) and up to 1.6 times for lutein (for Ca at highest concentrations, see Table 2 ). It is possible that this increased fractional carotenoid uptake from the depleted micellar fraction is simply due to a reduction of b-carotene concentration and a consequent reduced uptake inhibition due to competitive mechanisms. However, recent publications have shown that facilitated uptake, e.g., via the scavenger receptor, class B type I, seems to be involved in the absorption of especially b-carotene and to a lesser extent in lutein absorption (44) across the apical membrane of intestinal cells (45, 46) , a hypothesis that is further supported by satiable b-carotene uptake kinetics (35, 42) . In addition to facilitated uptake, interactions between b-carotene and other carotenoids, i.e., lutein (with micelle concentrations being 20 times higher compared to that of b-carotene), could have affected uptake from the mixed micelles at higher concentrations (47, 48) . It could thus be speculated that the preferential cellular b-carotene uptake is necessary to secure the supply of this physiologically important pro-vitamin.
Two major xanthophylls in spinach, violaxanthin and neoxanthin, belong to the epoxycarotenoid family. Both neochrome and violaxanthin were shown to undergo rapid epoxidefuranoid rearrangements under acidic conditions, being converted into neochrome and to luteoxanthin and auroxanthin, respectively (31) . We found that the digestion products of both species were highly abundant in the formed micelles following in vitro digestion and were also taken up by the Caco-2 cells, with a fractional uptake similar to lutein (for luteoxanthin and auroxanthin) or higher (neochrome) under control conditions, perhaps due to their polar character and higher solubility in the digesta. Using a pH of 2 for gastric digestion, we did not detect the parental molecules in either the micelles or the cells. This is in contrast to a study of Asai et al. (31) , who administered premicellarized neoxanthin to stomach-intubated mice, finding both neoxanthin and neochrome to be absorbed and distributed in blood plasma at a ratio of ;1:2. Using these feeding conditions, carotenoid-containing micelles might have been rapidly transferred to the mouse intestine prior to complete conversion. In another human study, absorption of violaxanthin as measured in blood plasma was not detectable in humans after admission of a single bolus dose (10 mg) (49) . In another human study, neoxanthin and its conversion product neochrome were described to be absorbed in low amounts, even after 1 wk of intensive spinach ingestion (50) , consistent with the hypothesis that the majority of epoxycarotenoids undergo epoxide-furanoid transition prior to absorption, albeit the further fate of these products remains unknown.
Despite our findings that micellarization and cellular uptake were significantly impaired by the presence of divalent minerals in the presented in vitro system, it should be considered that the situation in the human body is considerably more complex. For example, the in vitro system used was a nondynamic model. In the human gut, bile acids are continuously secreted and this excretion may be well regulated, i.e., precipitation of bile acids in the intestine could be counterbalanced by increased secretion of bile salts into the gut (51), lowering the negative impact that minerals may possess. In the present study, the effect of Mg, especially on carotenoid micellarization, was moderate compared to our previously reported results (11), employing one-half the concentrations of bile salts and pancreatin, indicating the importance of the conditions chosen. It is thus possible that the effect of divalent ions on micelle formation is attenuated in the more adaptive in vivo situation in the human intestine. However, if the sensitive equilibrium of the digestive tract is disturbed, e.g., in participants with digestion complications, including pancreatitis or cystic fibrosis patients, known to be prone to carotenoid malabsorption (52, 53) , a high mineral concentration might further impair carotenoid uptake.
Compared to the Mg and Ca daily dietary intake of ;300 mg (12.3 mmol) and 1000 mg (25 mmol), Fe and Zn present minor abundant minerals in the human diet, with a recommended daily intake of ;15 mg (0.24 mmol Zn and 0.27 mmol Fe) (54) . However, considering the intake of Fe supplements, with doses as high as 50-60 mg/capsule (0.9-1.1 mmol/capsule) and taken twice daily [as recommended by (55)], and the combinatory effect of the 4 minerals investigated, as present in many supplements, an impact on carotenoid micellarization and cellular uptake appears not unlikely.
In conclusion, this study illustrates the inhibitory effect of the divalent ions Ca, Fe, and Zn, and partly Mg, on carotenoid micellarization and uptake into Caco-2/TC-7 cells following simulated gastro-intestinal digestion due to a reduced micellarized carotenoid quantity formed during in vitro digestion. Future studies investigating the observed effects in in vivo situations seem warranted.
